Abstract. The anilide anion (m/z 92) generated directly from aniline, or indirectly as a fragmentation product of deprotonated acetanilide, captures CO 2 readily to form the carbamate anion (m/z 136) in the collision cell, when CO 2 is used as the collision gas in a tandem-quadrupole mass spectrometer. The gas-phase affinity of the anilide ion to CO 2 is significantly higher than that of the phenoxide anion (m/z 93), which adds to CO 2 only very sluggishly. Our results suggest that the efficacy of CO 2 capture depends on the natural charge density on the nitrogen atom, and relative nucleophilicity of the anilide anion. Generally, conjugate bases generated from aniline derivatives with proton affinities (PA) less than 350 kcal/mol do not tend to add CO 2 to form gaseous carbamate ions. For example, the anion generated from p-methoxyaniline (PA = 367 kcal/mol) reacts significantly faster than that obtained from p-nitroaniline (PA = 343 kcal/mol). Although deprotonated p-aminobenzoic acid adds very poorly because the negative charge is now located primarily on the carboxylate group, it reacts more efficiently with CO 2 if the carboxyl group is esterified. Moreover, mixture of CO 2 and He as the collision gas was found to afford more efficient adduct formation than CO 2 alone, or as mixtures made with nitrogen or argon, because helium acts as an effective Bcooling^gas and reduces the internal energy of reactant ions.
Introduction

M
ethods to utilize carbon dioxide as a reagent has become an important topic of research because increased levels of CO 2 in the atmosphere is known to cause many environmental problems [1, 2] . Thus, novel chemical reactions that consume CO 2 as a reactant are widely sought [3, 4] . One such reaction is the addition of CO 2 to carbanions [5, 6] .
In general, the CO 2 addition reaction has also been proven to be useful as a structural probe for gaseous anions [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, Bienkowski and Danikiewicz [7] showed that the phenyl anion acts as a nucleophile and reacts with CO 2 in the gas phase to generate the benzoate anion. Subsequently, the reaction has been successfully used to derive structural information of carbanions generated by decarboxylation of isomeric hydroxy-and sulfo-benzoic acids [8, 17] . Previously, we reported that even the phenoxide anion (m/z 93) adds to CO 2 to a small extent [9] .
Under aqueous solution-phase conditions, NaHCO 3 reacts with organic amines to form carbamates [4] . The gas-phase fragmentation mechanism of anions generated from carbamates under electrospray ionization conditions has been investigated by tandem mass spectrometry [4] . Although the gasphase ion/molecule reactions of carbanions with CO 2 have been widely studied, using the collision cell of tandem quadrupole mass spectrometers as a reaction chamber [6] , the efficacy of such an addition reaction for structural studies of anilide ions has not been exploited. Danikiewicz and Zimnicka noted previously that gas-phase anilide ions do add to CO 2 [6] ; however, the reaction has not been explored in depth. In our explorations on gaseous ion/molecule reactions, we also observed that gas-phase anilide anions generated under negativemode ESI conditions undergo facile addition to CO 2 in the collision cell. Herein, we describe details of our explorations on gaseous anilide ions as a nitrogen-centered nucleophile that adds to CO 2 . The efficacy of the reaction was evaluated with many derivatives synthesized from substituted anilines, and the conclusions were rationalized by DFT calculations.
Experimental
Materials
Analytical grade phenol, aniline, acetanilide, p-fluoroaniline, p-chloroaniline, p-bromoaniline, p-methoxyaniline, pnitroaniline, ethyl 4-aminobenzoate, p-aminobenzoic acid, benzenesulfonamide, p-toluenesulfonamide, and other reagents (purities >99%) were obtained from Sigma-Aldrich Chemical Co. (St Louis, MO, USA) and used as purchased. Aniline sample solutions (1000 μg/mL and 100 μg/mL) and solutions of other compounds (100 μg/mL) were prepared in acetonitrile/ water (50:50, v/v).
Mass Spectrometry
An Applied Biosystems Sciex API-3000 (Concord, ON, Canada) triple quadrupole mass spectrometer equipped with an electrospray ion source was used to obtain all CID mass spectra. Samples were infused to the ESI source as acetonitrile-water-ammonia (50:50:0.01) solutions at a rate of 10 μL/min. For tandem mass spectrometric experiments, the regular gas supply lines of the Sciex API-3000 instrument were modified. Under standard conditions, the nitrogen gas delivered from the external supply (at 60 psi) is divided to supply the curtain gas and the collision gas (Supplementary Figure 1a) . To introduce CO 2 or any other gas as the collision gas, a T-junction and two toggle valves were added at the entrance to the collision cell [9] (Supplementary Figure 1b ). To mix an additional gas, another Tjunction was introduced and the gas flows were controlled by needle valves (Supplementary Figure 1c) . The standard Sciex API-3000 instrument does not provide a separate gauge to measure directly the pressure in the collision cell. However, the analyzer housing pressure, which is about 0.6 × 10 -5 Torr, increases to about 2.1-3.1 × 10 -5 Torr, when the collision gas engulfs the cell, because some gas escapes through the pinholes of the collision cell. Thus, the overall analyzer housing pressure can be used as an indirect measure of the collision gas pressure.
Product-ion spectra were recorded from a mass-isolated composite mixture of m/z 92 and 93 anions generated by electrospraying a 200:1 (w/w) mixture of aniline and phenol in acetonitrile/water/ammonia (50:50:0.01). The first quadrupole of the Sciex API-3000 mass spectrometer was set to a lowresolution window to mass-isolate and pass both m/z 92 and 93 ions simultaneously. Spectra were acquired at a laboratoryframe collision energy setting of 5 eV, using CO 2 or N 2 as the collision gas.
To investigate the effect of gases admixed to CO 2 to the overall reaction yield, first the analyzer-housing pressure obtained using nitrogen as the collision gas was noted (1.6 × 10 -5 Torr). Then CO 2 was admixed to nitrogen by opening the needle valve (Supplementary Figure 1c) and new pressure was noted (3.1 × 10 -5 Torr), and a product-ion spectrum was recorded from m/z 92 ion generated from aniline. Subsequently, the nitrogen and CO 2 supply to the collision cell was shut off, and helium was introduced in a controlled manner to achieve the same pressure reading as that previously achieved with nitrogen alone (1.6 × 10 -5 Torr). After readjusting the CO 2 supply to deliver a pressure reading of 3.1 × 10 -5 Torr, a product-ion spectrum was recorded. Analogous experiments were performed solely with CO 2 as the collision gas (2.1 × 10 -5 Torr), or by admixing argon with CO 2 (3.1 × 10 -5 Torr). The source temperature was held at 100°C. The ion spray voltage was set to -4.5 kV, and the declustering potential was held at -30 or -70 V to enforce low-energy or high-energy insource fragmentation conditions. The focusing potential, entrancing potential, and exiting potential were set at -200 V, -10 V, and -5 V, respectively. The collision energy was set between -5 eV and --50 eV, to achieve low-or high-energy collision-induced dissociation in the collision cell.
LC-MS
A sample of acetanilide in acetonitrile/water (100 μg/mL) was injected via a 20-μL loop onto a RP-C18 column (SunFire, Ireland, 3.5 μm, 4.6 × 150 mm), which was eluted isocratically using a mixture of methanol:water (90:10, v/v) at a flow rate of 1.000 mL/min. A total-ion chromatogram (m/z 20-200) was recorded by acquiring product ion spectra of the m/z 92 ion generated in the ESI source at a declustering potential of -70 V, from acetanilide dissolved in acetonitrile/water using N 2 as the collision gas at collision energy setting of 5 eV. Similarly, an intensity versus time plot was generated by a multiple reaction monitoring (MRM) experiment using CO 2 as the collision gas (overall housing pressure 2.5 × 10 -5 Torr) monitoring the transition of m/z 92 → 136, for the in source generated m/z 92 ion at a declustering potential of -70 V.
Computational Methods
Geometry optimizations of chemical structures were carried out by the density functional theory method B3LYP with a 6-311++G(2d, 2p) basis set for all atoms. All calculations were performed using Gaussian 09 software package [18, 19] . To verify that the optimized structures correspond to the minimum-energy states on the respective potential energy surfaces, frequency analysis was done at the same level. Gibbs free energy values for CO 2 addition reactions were calculated at standard thermochemical conditions (temperature 298.150 K, and pressure 1.00000 atm). Gibbs free energy values were adjusted by adding the zero-point vibrational energy (unit: kcal/mol). Charge densities on atoms were computed by Bnatural population analysis.9
Results and Discussion
Aromatic amines are widely used as synthetic raw materials or intermediates in chemical industry [20] . For mass spectrometric investigations of aromatic amines, the positive-iongenerating ionization mode is the preferred method because the amino group undergoes facile protonation under ESI conditions. Although it is not customary to record negative-ion mass spectra of aromatic amines, gaseous anions can be generated under mass spectrometric conditions even from aniline (Supplementary Figure 2a) albeit its gas-phase acidity is relatively low. On the other hand, more acidic amines such as procaine (N,N-diethylaminoethyl 4-aminobenzoate), and benzocaine (ethyl 4-aminobenzoate) undergo more facile deprotonation and generate abundant gaseous anions under negativeion ESI conditions [21] . Although molecular and electronic structures and vibrational frequencies of anilide and substituted-anilide ions had been theoretically evaluated [22] , and anilide-ions have been employed as nucleophiles to form aromatic substitution products [23] , to our knowledge no mass spectrometry-based structural work has been carried out previously to determine the efficacy of anilide ions as reagents for nucleophilic addition reactions.
To start with, we pursued to find out whether the anilide ion would add to CO 2 in a manner similar to that reported for phenoxide and phenide ions [8, 9] . Our preliminary results indicated that the anilide ion undergoes facile addition to CO 2 . For example, when the m/z 92 ion generated from an aqueous solution of aniline by electrospray ionization was mass isolated and transferred to the collision cell of a tandem Figure 1 . Product ion spectra recorded from a mixture of m/z 92 and m/z 93 anions generated by ESI from a 200:1 (w/w) mixture of aniline and phenol in acetonitrile/water. Spectra were acquired on a Sciex API-3000 mass spectrometer, at a laboratory-frame collision energy setting of 5 eV, using CO 2 (a) or N 2 (b) as the collision gas. The first quadrupole was set to a low-resolution window to mass-isolate and pass both m/z 92 and 93 ions quadrupolar mass spectrometer containing CO 2 as the collision gas, the spectrum recorded showed a peak at m/z 136 for the adduct (Supplementary Figure 2d) . A similar peak was not observed when N 2 was used as the collision gas (Supplementary Figure 2a ). To find out the efficacy of the CO 2 addition under competitive reaction conditions, we prepared a mixture of aniline and phenol at a molar ratio of 200:1 in acetonitrile/water/ammonia with the intent of generating two mass spectrometric peaks of near-equal intensity at m/z 92 and 93 for the anilide and phenoxide ions, respectively (a high molar ratio of aniline had to be used because its gas-phase acidity is much lower than that of phenol). When the mass isolation window was set to m/z 92.2 and the resolution of the first quadrupole was selected to be low (the Sciex API-3000 instrument allows only three resolution settings: low, unit, or high), the spectrum recorded from the aniline and phenol mixture showed two peaks at m/z 92 and 93 to indicate that both ions were transmitted to the collision cell. Under these conditions, no adduct peaks were observed when N 2 was used as the collision gas Table 2 . Structures of Species 1-8 (atom labels; blue = nitrogen; red = oxygen; gray = carbon)
Scheme 1. A schematic illustrating relative Gibbs free energies of precursor and product ions associated with direct carboxylation of the anilide ion, or indirect addition after the rearrangement to ortho-aminophenide ion (2) (Figure 1b) . On the other hand, an intense peak signifying the adduct formation was observed at m/z 136 when CO 2 was used as the collision gas (Figure 1a ; note that the peak at m/z 137 is primarily due the contribution of the 13 C-isotopologue of the anilide ion to the ions corresponding to the peak at m/z 93). A ratio calculation after peak integration showed that the relative peak area of the m/z 137 peak was about 3.8 when normalized to that of the m/z 136 peak. Evidently, the anilide ion demonstrates a strong affinity to CO 2 compared with the extremely mediocre affinity shown by the phenoxide ion [9] .
To comprehend the intense affinity of the anilide anion to CO 2 , a detailed quantum chemical study was performed by B3LYP density functional method using 6-311++G(2d,2p) basis set [19] . Our computational results support the conclusion of Vakula et al [22] that the deprotonation occurs primarily at the NH 2 group. The Gibbs free energies calculated for four of the hypothetical structures expected from deprotonated aniline (m/z 92, 1-4) disclosed that the anilide structure (1) is the energetically most favorable form (Tables 1 and 2 ). The negative charge on the anilide ion is accumulated primarily on the nitrogen atom because computations assigned a formal charge Scheme 2. Proposed pathway for the formation of the CO 2 adduct from the m/z 92 anilide anion Figure 2 . Negative-ion product ion spectra recorded from the m/z 134 ion generated by ESI from acetanilide in acetonitrile/water. Spectra were acquired on a Sciex API-3000 mass spectrometer, using CO 2 (a) or N 2 (b) as the collision gas at a laboratory-frame collision energy setting of 5 eV of -0.89 e to the nitrogen atom (Supplementary Table 1 ). Of the three aminophenide structures (2, 3, and 4), the ortho isomer is the preferred form over the meta and para isomers.
Gibbs free energy calculations showed that the addition of CO 2 directly to anilide anion is an exergonic reaction (Scheme 1), whereas the direct addiction of CO 2 to a phenoxide The m/z 92 ion was mass-isolated by Q 1 and subjected to fragmentation using N 2 as the collision gas at a collision energy setting of 5 eV (a). An intensity versus time plot generated by monitoring the MRM transition of m/z 92 → 136, using CO 2 as the collision gas at a collision energy setting of 5 eV (b). Both experiments were conducted by eluting a RP-C18 column (5 μm, 4.6 × 150 mm) isocratically using a mixture of methanol:water (90:10, v/v) at a flow rate of 1.000 mL/min anion is an endergonic reaction [9] . Moreover, the bond distance between Ph-NH and CO 2 moieties in the carbamate structure (5) was found to be 1.475 Å. In other words, in the optimized carbamate structure (5), the two constituent entities are held sufficiently close to indicate that they are held by a covalent bond. Although the CO 2 addition to ortho (2), meta (3), or para (4) aminophenide ions is even more exergonic (Table 1) , for the formation of the respective precursor ion from the anilide ion, the precursor ion must undergo a prior rearrangment. For example, for the formation of the orthoaminophenide ion (2), a proton must be transferred to the negatively charged nitrogen atom via a four-member transition state (TS 1-2; Scheme 1). In the cyclic TS 1-2 structure, the H-N and H-C distances were calculated to be 1.348 and 1.479 Å, respectively. However, an energy barrier of 55.26 kcal/mol renders this transformation prohibitive (Scheme 1). Thus, the direct carboxylation of the anilide ion, instead of indirect addition after a rearrangement to ortho-aminophenide ion (Scheme 2), is considered to be the more plausible mechanism.
The dramatic affinity of the anilide anion to CO 2 was further demonstrated by an MS/MS experiment conducted with the m/z 134 ion generated from acetanilide. The anion generated by direct deprotonation of acetanilide is not sufficiently nucleophilic to add to CO 2 (because a peak was not observed at m/z 178; Figure 2a) . However, the m/z 134 ion, once activated under tandem mass spectrometric conditions, loses elements of ketene to form an ion of m/z 92, which underwent a rapid reaction with CO 2 to form an adduct of m/z 136 when CO 2 was used as the collision gas (Figure 2b , Scheme 3). As expected, peak at m/z 136 was not observed when N 2 was used as the collision gas (Figure 2a) .
Moreover, if a compound generates fragment ions that show specific affinity to CO 2 , this addition reaction can be employed under MRM LC-MS conditions to specifically detect the presence of such analytes in a mixture. For example, a chromatogram obtained by recording product-ion spectra of the insource-generated m/z 92 anion from a sample of acetanilide showed a chromatographic peak at 1.88 min when N 2 was used as the collision gas (Figure 3a) . A subsequent chromatogram generated by an MRM protocol monitoring the m/z 92 → 136 transition produced a chromatographic peak at the same retention time confirming the adduct formation when CO 2 was used as the collision gas (Figure 3b) .
To determine the effect of ring-substituents on the carbamate-ion formation reaction, we exposed anions generated from aniline, p-methoxyaniline, or p-nitroaniline to either nitrogen or CO 2 as the collision gas. The spectra recorded under these conditions using N 2 as the collision gas showed no peaks for adducts ( Supplementary Figure 2a-c) . In contrast, the spectrum recorded from the m/z 122 ion generated from pmethoxyaniline showed an intense peak at m/z 166 (Supplementary Figure 2e ) for the carbamate ion. A comparison with the data recorded from the anilide ion as a reference (Supplementary Figure 2d ) confirmed that the presence of a para- Figure 5 . Negative-ion product ion spectrum recorded from the m/z 136 ion generated by ESI from p-aminobenzoic acid in acetonitrile/water (a) and that from the m/z 164 ion generated from ethyl 4-aminobenzoate in acetonitrile/water (b), using CO 2 as the collision gas [24] . c Geometry optimizations of chemical structures and natural charges on nitrogen atom were calculated by the density functional theory method B3LYP with a 6-311++G(2d, 2p) basis set for all atoms, using Gaussian 09 [18, 19] . d PA data is not available on NIST for ethyl 4-aminobenzoate; the data of methyl 4-aminobenzoate was taken instead. e The natural charge on nitrogen atom was calculated for the p-aminobenzoate. In this case, the deprotonation of p-aminobenzoic acid takes place on the COOH group. methoxy group facilitates the formation of the CO 2 adduct. On the other hand, the spectrum recorded from the m/z 137 ion from a sample of p-nitroaniline exhibited only a minute peak at m/z 181 for the adduct (in fact, the m/z 170-190 region of the spectrum had to be magnified 20 times to render the peak visible; Supplementary Figure 2f) . Clearly, the para-nitro group significantly attenuates the adduct formation.
For the addition reaction, the gaseous anilide ion acts as a nucleophile and donates an electron pair to the CO 2 molecule. In other words, the anilide anion acts as a Lewis base in the ionmolecule addition reaction. We envisaged that electrondonating or electron-withdrawing properties of the substituent groups should correlate well with observed relative peak intensity differences of the adduct ion. To evaluate this hypothesis, a semi-logarithmic plot of the ratio of the relative peak area of the adduct ion [(M -H) + CO 2 ]
-to the precursor ion [(M -H)]
was plotted against the Hammett substituent constant values described by Hansch [24] (Figure 4 , Scheme 4). The Hammett constant (σ) provides a quantitative evaluation of the total electronic effects, consisting of resonance and field inductive effects, of a group bound to a benzene ring. A positive σ value indicates an electron-withdrawing group; a negative value an electron-donating group. The plot indicated that electrondonating groups, such as -OCH 3 , at the para-position of the phenyl ring facilitate the CO 2 addition process, whereas, electron-withdrawing groups, such as -NO 2 , significantly attenuated the addition reaction. The σ p -values were selected because the resonance contribution of the para-substituent group was expected to be the primary parameter that defines the overall charge density on the nitrogen atom, which in turn determines the extent of the nucleophilic addition reaction. In other words, higher charge densities on the nitrogen atom Figure 6 . Negative-ion product ion spectra recorded from the m/z 156 and 170 ion generated by ESI from benzenesulfonamide (a), (b) and p-toluenesulfonamide (c), (d), respectively. Ions were generated from acetonitrile/water solutions and subjected to dissociation using N 2 (a), (c) or CO 2 (b), (d) as the collision gas at the collision energy setting of 25 eV
should favor the addition reaction. Although the correlation is not as good as that observed with the σ p -values, the charge densities computed by natural population analysis also showed that the probability of charge to be present on the anilide nitrogen atom is higher for compounds bearing an electrondonating group at the para position (Supplementary Tables 1,  10) .
Although Hammett values afford some predictability ( Figure 4 shows data from six compounds; Supplementary   Figures 2, 3) , they are not good universal indicators to predict the degree of carbamate formation reaction. For example, the presence of the COOH group (σ p -= 0.77) at the para position appears to predict a more facile addition to CO 2 than for the nitro substituent (σ p -= 1.27). However, in reality, deprotonated p-nitroaniline is a better nucleophile than p-aminobenzoate anion. This is not a surprise because the deprotonation of paminobenzoic acid takes place primarily at the COOH group. Consequently, the product ion spectrum recorded from the Scheme 5. Proposed formation of the CO 2 adduct of the anilide (m/z 92), or p-methylanilide (m/z 106), generated from benzenesulfonamide, or p-toluenesulfonamide, respectively Scheme 6. Proposed fragmentation pathways of deprotonated ethyl 4-aminobenzoate and formation of the CO 2 adduct of m/z 180 mass-isolated m/z 136 ion derived from p-aminobenzoic acid, using CO 2 as the collision gas, shows only a small adduct peak at m/z 180 because the negative charge is located essentially on the carboxylate group (Figure 5a ). However, if the COOH group is esterified, the charge is then located primarily on the nitrogen atom. For example, the mass-isolated m/z 164 ion derived from ethyl 4-aminobenzoate, in which the charge is primarily located on the NH group, undergoes a very facile addition of CO 2 to generate an adduct peak at m/z 208 (Figure 5b ). Undoubtedly, a high charge density of the nitrogen atom is vital for facile addition of CO 2 to the anilide ion.
Apparently, the Hammett values are useful only to predict the efficacy of anilides with substituent groups that do not compete with the NH 2 group for deprotonation. Even for the carboxyethyl group, the Hammett value does not rationalize the observed experimental results (Table 3 and Figure 5b ).
Moreover, predictions based on Hammett values are less meaningful for deprotonated N-substituted amines. We envisaged that proton affinity values of corresponding conjugate bases would be more effective to predict the reactivity of deprotonated amines toward the CO 2 adduct formation. To evaluate this hypothesis, the proton affinity values reported for a variety of anions were surveyed from the data available in NIST chemistry webbook [25] . For example, the proton affinities of phenide and anilide anions are 401 and 366 kcal/ mol, respectively, and both anions do act as good nucleophiles in gas phase. In contrast, phenoxide and benzoate anions, which bear proton affinity values of 349 and 340 kcal/mol, respectively, do not add well to CO 2 (Table 4) . In other words, conjugate bases (A -) generated from compounds of low gasphase acidities act as better nucleophiles for the CO 2 addition reaction. The proton affinity values of para-substituted anilines were also included in the survey (Table 3) . When there is an electron-donating group on the para position, the basicity of the substituted anilide anion is higher than that of unsubstituted anilide anion. It appears that conjugate bases with proton affinities less than about 350 kcal/mol do not add well to form a gaseous carbamate ion. For example, the proton affinity value of deprotonated p-nitroaniline is 343 kcal/mol, and it adds only poorly to CO 2 (Supplementary Figure 2f) .
The product-ion spectra recorded from a sample of benzenesulfonamide or p-toluenesulfonamide showed peaks of extremely minute intensity for direct addition when CO 2 was used as the collision gas at a collision energy setting of 5 eV [PA of deprotonated benzenesulfonamide = 333 kcal/mol; (Supplementary Figure 4b, d) ]. However, when the collision energy was increased to 25 eV, two new intense peaks appeared at m/z 136 and 150, respectively, in the spectra of benzenesulfonamide and p-toluenesulfonamide ( Figure 6 ). It is well known that once activated, deprotonated sulfonamides eliminate SO 2 by an intramolecular rearrangement [26] [27] [28] [29] . The anilide anions generated as products by this rearrangement process bear higher proton affinities than their precursors (PA of deprotonated aniline = 366 and that of deprotonated benzenesulfonamide = 333 kcal/mol). Once SO 2 is eliminated, the product ions bear less internal energy and undergo immediate addition to CO 2 in the collision cell ( Figure 6 , Scheme 5).
Furthermore, the product ion spectrum recorded using N 2 as the collision gas from deprotonated ethyl 4-aminobenzoate showed two distinct fragment-ion peaks at m/z 135 and 136, attributed to ethyl radical and ethylene losses, respectively [21] (Supplementary Figure 5a) . When the collision gas was changed to CO 2 , two new peaks appeared in the spectrum (Supplementary Figure 5b) . In addition to the expected peak for the addition of CO 2 to the m/z 164 ion, a small but significant peak also appeared at m/z 180. Presumably, the m/z 136 ion formed by the ethylene loss adds CO 2 to form the m/z 180 ion (Scheme 6). Interestingly, the distonic radical anion formed by the ethyl radical loss is not sufficiently nucleophilic to add to CO 2 because a peak was not observed at m/z 179 (Supplementary Figure 5b ). It was conclusive that the distonic radical anion does not react with CO 2 because no peak was observed at m/z 179 even when the in-source generated m/z 135 ion was massisolated by the first quadrupole, and exposed to CO 2 in the collision cell (Supplementary Figure 5c) . According to computations, the natural charge and the Mulliken spin density on the nitrogen atom of the expected distonic radical anion were -0.61 e and 0.54, respectively (Supplementary Table 18 ). In other words, in the proposed structure of the m/z 135 ion, the charge center is located on the carboxyl group rendering the ion less nucleophilic. The product ion spectrum recorded using CO 2 as the collision gas from the mass-isolated m/z 107 radical anion generated from p-methoxyaniline showed an adduct-ion peak at m/z 151 (Supplementary Figure 6c, Scheme 7) . According to computations, the natural charge on the nitrogen atom (-0.74 e) was a little higher than that on the nitrogen atom of the m/z 135 ion from deprotonated ethyl 4-aminobenzoate (-0.61 e). Moreover, the spin density on the nitrogen atom was 0.42 compared with that on the nitrogen atom of the m/z 135 ion from deprotonated ethyl 4-aminobenzoate (0.54) (Supplementary Table 11 ). In contrast, the charge center of the m/z 107 distonic ion is primarily on the nitrogen atom (-0.74 e); thus, the addition reaction is expected to take place to a small extent (Supplementary Figure 6c ). These experimental results further confirm that a high charge density of the nitrogen atom is a prerequisite for facile addition of CO 2 to the anilide ion.
As mentioned previously, the addition of CO 2 to anilide anion is an exergonic reaction. Computations showed that the presence of an electron donating substituent increases the exergonicity (Table 5 ). When the exergonicity was less than ca. 10 kcal/mol, a peak was not observed for the product under the experimental conditions used.
Experiments were conducted to determine if CO 2 admixed another inert gas furnishes more or less efficient carbamate ion formation in the collision cell. For this purpose, product-ion spectra were recorded under negative-ion conditions using the m/z 92 ion generated from aniline as the precursor ion. The partial pressure of CO 2 was adjusted to the same value for each experiment. Spectra recorded using CO 2 , or CO 2 /He, CO 2 /N 2 , and CO 2 /Ar mixtures as the collision gas are shown in Supplementary Figure 7 , which illustrate that CO 2 /He provides a more efficient mixture. Presumably, helium acts as cooling gas and lowers the kinetic energy of The deprotonation of p-aminobenzoic acid primarily takes place on the COOH group. However, the Gibbs free energy was calculated for the anions, the deprotonation of which takes place on the NH 2 group. b Red color denotes an adduct peak is expected. Green color denotes an adduct peak is not expected.
the anilide ions and promotes the addition reaction when a mixture of CO 2 and He is used as the collision gas.
Conclusions
We have demonstrated that gaseous anilide anions add readily to CO 2 and form carbamate ions. Computations showed that it is an exergonic reaction (ΔG ca. -27 kcal/mol). The electron density on the nitrogen atom of the anilide ion determines the efficacy of the reaction. The presence of electron-donating groups attached to the ring increases the electron density on the nitrogen and facilitates the addition process. In practice, a peak for the adduct was not observed if the calculated Gibbs free energy release for the reaction was less than ca.10 kcal/ mol.
